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Thermoelectric properties and electronic structure
of the Zintl phase Sr5Al2Sb6
Alex Zevalkink,†a Yoshiki Takagiwa,†b Koichi Kitahara,b Kaoru Kimurab and
G. Jeﬀrey Snyder*a
The Zintl phase Sr5Al2Sb6 has a large, complex unit cell and is composed of relatively earth-abundant and
non-toxic elements, making it an attractive candidate for thermoelectric applications. The structure of
Sr5Al2Sb6 is characterized by inﬁnite oscillating chains of AlSb4 tetrahedra. It is distinct from the structure
type of the previously studied Ca5M2Sb6 compounds (M = Al, Ga or In), all of which have been shown to
have promising thermoelectric performance. The lattice thermal conductivity of Sr5Al2Sb6 (∼0.55 W mK−1
at 1000 K) was found to be lower than that of the related Ca5M2Sb6 compounds due to its larger unit cell
(54 atoms per primitive cell). Density functional theory predicts a relatively large band gap in Sr5Al2Sb6, in
agreement with the experimentally determined band gap of Eg ∼ 0.5 eV. High temperature electronic
transport measurements reveal high resistivity and high Seebeck coeﬃcients in Sr5Al2Sb6, consistent with
the large band gap and valence-precise structure. Doping with Zn2+ on the Al3+ site was attempted, but
did not lead to the expected increase in carrier concentration. The low lattice thermal conductivity and
large band gap in Sr5Al2Sb6 suggest that, if the carrier concentration can be increased, thermoelectric
performance comparable to that of Ca5Al2Sb6 could be achieved in this system.
Introduction
The thermal to electrical conversion eﬃciency of thermoelec-
tric materials depends on the thermoelectric figure of merit,
given by zT ¼ σα
2T
κ
. An ideal thermoelectric material must
strike a balance between the conflicting requirements of a
high Seebeck coeﬃcient, α, high electronic conductivity, σ,
and low thermal conductivity, κ.1 Zintl phases, with structures
characterized by complex polyanions surrounded by highly
electropositive cations, meet many of the criteria for successful
thermoelectric materials.2,3 In particular, they benefit from
extremely low lattice thermal conductivity resulting from their
complex unit cells,4 and their electronic properties can often
be finely tuned using chemical substitutions. Excellent ther-
moelectric performance (zT > 1) has been demonstrated in
several Zintl phases,5 including Yb14MnSb11 and YbZn2−x-
CdxSb2.
6,7 Many more Zintl phases, though not yet optimized
for thermoelectric applications, appear to be promising
candidates.8–14
Recently, we have shown that promising zT values can be
achieved in compounds with chemical formulas A5M2Sb6 and
A3MSb3 (A = Ca, Sr and M = Al, Ga, In), which share a common
structural motif: infinite chain-like polyanions formed from
linked MSb4 tetrahedra. These compounds have both low
lattice thermal conductivity and suﬃciently large band gaps
for high temperature applications. By doping with Zn2+ on the
M3+ site or Na1+ on the A2+ site, the charge carrier concen-
tration of these compounds can be optimized, leading to
figures of merit as high as zT = 0.9.15–18
Among A5M2Sb6 compounds, most form either the
Ca5Al2As6 or Ca5Al2Bi6 structure type.
19,20 These structure
types both contain infinite chains of corner-linked MSb4 tetra-
hedra in which neighboring chains are linked by Sb–Sb bonds
to form ladder-like anionic structures. These two structure
types diﬀer only in the packing arrangement of the “ladders”.
Sr5Al2Sb6 is the only exception, forming instead a completely
unique structure type containing non-linear, oscillating
chains, as shown in Fig. 1. The chains, which extend infinitely
along the a-axis, are formed from alternately corner- and edge-
sharing AlSb4 tetrahedra, and oscillate back and forth along the
c-axis. A repeat distance of four tetrahedra leads to a larger unit
cell (4 formula units, or 52 atoms, per cell) than found in the
other two A5M2Sb6 structure types. In the original report of the
Sr5Al2Sb6 structure type,
21 Cordier et al. argue that this unique
structure results from a combination of the relatively large
cation (Sr) and small triel element (Al) in this compound.
Electron counting in Sr5Al2Sb6 can be understood within
the Zintl–Klemm formalism as follows: the two Sb that are†These authors contributed equally to this manuscript.
aMaterials Science, California Institute of Technology, 1200 E. California Blvd.,
Pasadena, CA 91125, USA. E-mail: jsnyder@caltech.edu
bMaterials Science, The University of Tokyo, Japan


















































View Journal  | View Issue
singly-bonded to Al have a formal valence of 2−, while the
corner-sharing and edge-sharing Sb (four per formula unit)
each have a valence of 1−. The tetrahedrally coordinated Al
atoms have a formal valence of 1−. Thus, in the covalent limit,
the anionic unit can be written as [(Al1−)2(Sb
2−)2(Sb
1−)4], while
the five Sr2+ atoms provide overall charge balance. Alterna-
tively, if the Al atoms are treated as cations, the anionic unit
can be written as [(Al3+)2(Sb
4−)2(Sb
2−)4].
From an application perspective, Sr5Al2Sb6 is expected to
have a lower lattice thermal conductivity than Ca5Al2Sb6 due to
its larger unit cell. Additionally, considering the expected elec-
tronic similarity of the two phases, one might expect subtle
electronic eﬀects to result from replacing Ca with Sr, despite
their diﬀerent structure types. For example, in AZn2Sb2 semi-
conducting compounds, the A species controls the hole con-
centration of the pure compound by influencing the
equilibrium defect concentration.33 The current study employs
a combination of high temperature transport measurements
and density functional theory to investigate the intrinsic ther-
moelectric properties of Sr5Al2Sb6 and the eﬀect of substitut-
ing Zn2+ on the Al3+ site.
Experimental
Computation
Density Functional calculations were performed with the
WIEN2K code22 based on the full-potential linearized augmen-
ted plane-wave (FP-LAPW) method under the generalized gra-
dient approximation (GGA) as parameterized by Perdew,
Burke, and Ernzerhof (PBE).23 A plane wave basis cutoﬀ of
RmtKmax = 7 was used, in terms of the smallest muﬃn tin
radius and maximum plane wave vector respectively. Muﬃn
tin radii were 2.5 a.u. for Sr and 2.49 a.u. for both Al and Sb.
Calculations were performed at the experimental lattice para-
meters (a = 12.124 Å, b = 10.341 Å, and c = 13.409 Å21). Self con-
sistent calculations were performed with a 7 × 8 × 6 k-point
mesh, and a 9 × 11 × 8 k-point mesh was used for calculating
the Seebeck coeﬃcients.
Synthesis
Bulk samples with nominal compositions of Sr5Al2Sb6 and
Sr5Al1.95Zn0.05Sb6 were prepared via ball milling followed by
hot pressing, starting with elemental precursors. The elements
(99% Sr pieces, 99% Al shot, 99.99% Zn shot, and 99.9999%
Sb shot from Alfa Aesar) were cut into small pieces and loaded
into stainless-steel vials, with stainless-steel balls in an Ar dry
box. The contents were dry ball-milled for 1 h using a SPEX
Sample Prep 8000 Series Mixer/Mill. The resulting fine powder
was consolidated using a custom rapid hot press system24 in
high-density graphite dies (POCO) in argon for 3 h at 1073 K
using 45 MPa of pressure, followed by a 3 h stress-free cool
down.
Characterization
The hot-pressed, polycrystalline samples were sliced into
1 mm thick, 12 mm diameter disks. X-Ray diﬀraction was per-
formed on polished slices using a Philips XPERT MPD diﬀract-
ometer operated at 45 kV and 40 mA, and Rietveld analysis was
performed using Rigaku PDXL software. High temperature
electronic properties were characterized up to 973 K under
dynamic vacuum. Electrical resistivity was measured using the
Van der Pauw technique and the Hall coeﬃcient was measured
with a 2 T field and pressure-assisted tungsten contacts.25 The
Seebeck coeﬃcients were measured using chromel-Nb thermo-
couples by allowing the temperature gradient across the
sample to oscillate between ±10 K, as described in ref. 26. A
Netzch LFA 457 was used to measure the thermal diﬀusivity.
Results and discussion
Electronic structure
Density functional theory (DFT) calculations confirm that
Sr5Al2Sb6 has a fully filled valence band and an empty conduc-
tion band, as expected for a classic Zintl phase. The predicted
band gap is approximately 0.8 eV. As illustrated by the elec-
tronic density of states in Fig. 2, the valence band maximum
and the conduction band minimum are composed primarily
of Sb and Al electronic states, resulting, respectively, from Al–
Sb bonding and anti-bonding interactions. Strong Sr character
is most apparent deep in the conduction band. Similar charac-
teristics of the electronic structure were also observed in the
related A5M2Sb6 and A3MSb3 Zintl phases (A = Ca, Sr and M =
Al, Ga, In).15,16,27 Semi-classical Boltzmann transport theory
was employed to calculate the Seebeck coeﬃcient, α, as a func-
tion of temperature in the three principle directions, as shown
in the inset of Fig. 2. The resulting values are consistent with
the experimental results (unfilled symbols) for the undoped
Sr5Al2Sb6 discussed below.
Electronic transport
The Sr5Al2Sb6 samples synthesized by ball milling followed by
hot pressing were dense and at least 95% phase pure. A repre-
sentative X-ray diﬀraction pattern and Rietveld fit for an
Fig. 1 (a) The orthorhombic structure of Sr5Al2Sb6 (Pnma) is character-
ized by inﬁnite anionic chains aligned in the [100] direction.21 (b) Each
chain is formed from alternately corner- and edge-sharing AlSb4 tetra-
hedra. Sr atoms are shown in green, Sb in orange, and Al in blue.
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undoped sample is shown in Fig. 3, and shows no sign of sig-
nificant impurity phases.
Fig. 4a–c shows the resistivity (ρ), Hall carrier concentration
(nH) and mobility (μH) for two diﬀerent undoped Sr5Al2Sb6
samples and one Zn-containing sample with a synthetic com-
position of Sr5Al1.95Zn0.05Sb6. Consistent with the calculated
electronic structure, undoped Sr5Al2Sb6 samples are found to
behave as intrinsic semiconductors. The resistivity, shown in
Fig. 4a, is very high at room temperature and decreases expo-
nentially with increasing temperature. Using the relation
ρ ∝ eEg/2kT for intrinsic semiconductors, a band gap of Eg ∼
0.5 eV was obtained from the resistivity of sample (a) at high
temperature.
The undoped samples have positive carrier concentrations,
indicating that Sr5Al2Sb6 is naturally slightly p-type, most likely
due to small deviations from the nominal stoichiometry. At
room temperature, nH is quite low (∼1018 holes per cm3), and
increases with increasing temperature due to the thermal acti-
vation of carriers across the band gap. In Zintl compounds
with the chemical formula AZn2Sb2 (A = Sr, Ca, Eu, Yb), the
cation was found to play an important role in determining the
stable concentration of A vacancies, thus determining the
p-type carrier concentration at room temperature.33 SrZn2Sb2
was found to have the lowest hole concentration among com-
pounds in that system. Among A5Al2Sb6 compounds, we find
that the Sr analogue also has fewer holes (<2 × 1018 holes per
cm3) than the Ca-based compounds (>5 × 1018 holes per cm3),
perhaps due to a similar mechanism.
Fig. 2 The electronic density of states of Sr5Al2Sb6 shows a fully ﬁlled
valence band and a relatively large band gap of 0.8 eV. The inset shows
the calculated and experimental Seebeck coeﬃcients as a function of
temperature.
Fig. 3 Rietveld analysis of the X-ray diﬀraction data for hot-pressed
Sr5Al2Sb6 suggests that the samples are phase pure.
Fig. 4 (a) Sr5Al2Sb6 samples behave as intrinsic semiconductors with
resistivity that decreases with temperature and (b) carrier concentration
that increases with temperature. (c) The magnitude of the mobility is
comparable to Ca5M2Sb6 phases.
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The nominally Zn-doped sample (Sr5Al1.95Zn0.05Sb6) is
expected to have a carrier concentration of approximately 1.2 ×
1020 h+ cm−3, assuming that each Zn substitution leads to one
free carrier. Experimentally, however, the measured carrier
concentration of the Zn-doped sample is only slightly higher
than that of the undoped samples, suggesting that Zn may
have very limited solubility in the Sr5Al2Sb6 structure. This is
in contrast to Ca5Al2Sb6, in which the substitution of Zn
2+ on
the Al3+ site leads to an increase in carrier concentration by
two orders of magnitude and a clear transition from non-
degenerate to degenerate semiconducting behavior.28 Struc-
tural diﬀerences between the A5Al2Sb6 phases, in addition to
the possible influence of the cation on the stability of acceptor
defects (e.g., Sr vacancies and Zn substitution on Al site), could
explain this disparity. In previous studies, Na1+ on the Ca2+
site was a successful dopant in both Ca5Al2Sb6 and Ca3AlSb3
compounds,16,18 suggesting that similar substitutions may
prove successful in increasing the carrier concentration in
Sr5Al2Sb6.
The Hall mobility of both undoped and Zn-doped samples
increases with increasing temperature below 500 K, suggesting
an activated process (μH ∝ eEA/kBT) arising from an oxide layer
or secondary phase at the grain boundaries. At temperatures
above 500 K the mobility is limited by acoustic phonon scatter-
ing, for which the temperature dependence is given by μH ∝
T−ν, where ν ranges from 1 to 1.5 for degenerate and non-
degenerate behavior, respectively.29 The magnitude of the
mobility (8 cm2 V−1 s−1 at 300 K) is comparable to that of
Ca5Al2Sb6 and Ca5In2Sb6.
27
Shown in Fig. 5, the Seebeck coeﬃcients of the undoped
sample (a) are large and positive, consistent with the low
p-type carrier concentration and high resistivity. Above 600 K,
the Seebeck coeﬃcients begin to decrease due to minority
carrier eﬀects. Estimating the band gap from the peak Seebeck
coeﬃcient (Eg = 2αmaxTmax) yields Eg = 0.4 eV, comparable to
the value obtained from the resistivity.
The eﬀective mass of the valence band in Sr5Al2Sb6 can be
estimated from the experimental Seebeck coeﬃcients and
carrier concentrations using a single parabolic band model
(SPB). Because this model assumes that only a single carrier
type is present, the model must be employed at temperatures
below the onset of minority carrier activation (approximately
500 K, in this case). At 500 K, an SPB model yields an eﬀective
valence band mass of approximately 0.3 me. This is dramati-
cally lower than that of Ca5M2Sb6 (m*SPB ∼ 2 me) compounds,
which is surprising, given that the electronic mobilities in
those compounds are quite similar. This inconsistency may
arise from several explanations, including a reduced carrier
relaxation time (τ) in Sr5Al2Sb6 from mechanisms other than
reduced m* (e.g. increased deformation potential30), or non-
degenerate behavior in the undoped sample even below 500 K
leading to a compensated Seebeck coeﬃcient.
Thermal transport
The primary attraction of Zintl compounds for thermoelectric
applications is their extremely low lattice thermal conductivity
(κL), which arises from their complex crystal structures.
4 In
Sr5Al2Sb6, a single unit cell contains 52 atoms, meaning that
much of the heat capacity is trapped in flat, low velocity
optical modes, thus suppressing κL. The thermal conductivity
of Sr5Al2Sb6, shown in Fig. 6, is calculated from the thermal
diﬀusivity, D, using κ = DCPd. Here, CP is the Dulong–Petit
heat capacity (0.27 J g−1 K−1) and d is the geometric density
(4.27 g cm−3). The electronic contribution to κ is negligible
due to the high electrical resistivity, and κ can thus be con-
sidered equivalent to the lattice thermal conductivity. The
minimum lattice thermal conductivity (dashed line in Fig. 6)
of Sr5Al2Sb6 was calculated using relationship giving by Cahill
et al. in ref. 31 with the measured longitudinal and transverse
speeds of sound of 3720 m s−1 and 2050 m s−1, respectively.
Fig. 5 The high, positive Seebeck coeﬃcient is consistent with the low,
p-type carrier concentration and intrinsic behavior.
Fig. 6 The lattice thermal conductivity of Sr5Al2Sb6 compared with
other chain-forming A5M2Sb6 and A3MSb3 compounds (A = Ca, Sr and
M = Al, Ga, In).15–18 Compounds with 52 or 56 atoms per unit cell are
denoted by grey or black ﬁlled symbols, while those with 26 or 28 atoms
are denoted by unﬁlled symbols.
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We have previously reported exceptionally low κL in several
other chain-forming A5M2Sb6 and A3MSb3 compounds (A = Ca,
Sr and M = Al, Ga, In).15–18 The temperature dependence of κL
in Sr5Al2Sb6 is very similar to these compounds, decreasing as
1/T with increasing temperature due to Umklapp scattering,
and approaching the predicted minimum at high temperature.
Because the unit cell size and average speed of sound of
Sr5Al2Sb6 (52 atoms, 2610 m s
−1) are comparable to that of
Sr3AlSb3 (56 atoms, 2590 m s
−1), κL should be very similar in
these two materials, despite their diﬀerent structure types.4
Indeed, at high temperature, κL is nearly identical in Sr5Al2Sb6
and Sr3AlSb3, reaching values of 0.54 W mK
−1 and 0.60 W
mK−1, respectively. However, at 300 K, κL of Sr5Al2Sb6 is signifi-
cantly lower than Sr3AlSb3, suggesting that an additional scat-
tering mechanism such as boundary or point defect scattering
is also present.
Figure of merit
The thermoelectric figure of merit of undoped Sr5Al2Sb6 is
only 0.05 at 800 K, due to the low carrier concentration and
intrinsic electronic properties of this material. This low value
is comparable to the low zT found in undoped, intrinsic
Ca5M2Sb6 compounds (M = Al, Ga, or In), which, upon doping,
exhibit zT values up to 0.7. In both Ca5Al2Sb6 and Ca5In2Sb6
the zT is optimized at carrier concentrations near 2 × 1020 h+
cm−3, or two orders of magnitude higher than the samples in
this study. Unfortunately, in the present study, doping with Zn
failed to appreciably increase the carrier concentration.
However, diﬀerent dopants (e.g., Na1+ or K1+ on the Sr2+ site)
may prove successful in future studies, and thus lead to a sig-
nificant increase in both the carrier concentration and peak zT
in this material. For example, in the Zintl phase Ca3AlSb3,
doping with Na on the Ca site was found to be more eﬀective
at increasing the p-type carrier concentration than substitution
Zn on the Al site.16,32
Conclusion
Sr5Al2Sb6 is a valence-precise Zintl phase exhibiting thermal
and electronic properties comparable to the intrinsic pro-
perties of previously investigated Ca5M2Sb6 compounds.
Density functional theory (DFT) shows that Sr5Al2Sb6 has a
fully filled valence band dominated by Sb and Al electronic
states and a suﬃciently large band gap for thermoelectric
applications. Electronic transport measurements reveal intrin-
sic semiconducting behavior and a very low p-type carrier con-
centration. The magnitude of the electronic mobility of
Sr5Al2Sb6 is comparable to that of undoped Ca5Al2Sb6,
although the band mass, estimated from the experimental
Seebeck coeﬃcient, is considerably smaller. Due to its large,
complex unit cell and low speed of sound, Sr5Al2Sb6 has excep-
tionally low lattice thermal conductivity. Although doping with
Zn did not increase the carrier concentration in this study, the
intrinsic thermal and electronic properties of Sr5Al2Sb6
suggest that significantly higher zT values can potentially be
obtained in optimally doped Sr5Al2Sb6.
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